Simple and Green Fabrication of a Superhydrophobic Surface 
by One-Step Immersion for Continuous Oil/Water Separation 


Jingfang Zhu, * Bin Liu,’ Longyang Li; Zhixiang Zeng,*” Wenjie Zhao,** Gang Wang, 


and Xiaoyan Guan 


‘School of Materials Science and Engineering, North University of China, Taiyuan 030051, People’s Republic of China 


*Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective 
Technologies, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, 


People’s Republic of China 


ABSTRACT: In this paper, stainless steel meshes with super- 
hydrophobic and superoleophilic surfaces were fabricated by rapid and 
simple one-step immersion in a solution containing hydrochloric acid 
and stearic acid. The apparent contact angles were tested by a video 
contact angle measurement system (CA). Field emission scanning 
electron microscopy (FE-SEM), Fourier transform infrared spectrosco- 
py (FTIR), and X-ray photoelectron spectroscopy (XPS) were 
conducted to characterize the surface topographies and chemical 
compositions. The SEM results showed that mesh surfaces were 
covered by ferric stearate (Fe[CH;(CH,),,COO],) with low surface 
energy. The CA test results showed that the mesh had a maximum 
apparent contact angle of 160 + 1.0° and a sliding angle of less than 5.0° 
for the water droplet, whereas the apparent contact angle for the oil 
droplet was zero. Ultrasound oscillation and exposure tests at 


atmospheric conditions and immersion tests in 3.5 wt % NaCl aqueous solution were conducted to confirm the mesh with 
excellent superhydrophobic and superoleophilic properties. On the basis of the superhydrophobic mesh, a miniature separation 
device pump was designed to collect pure oil from the oil/water mixture. It showed that the device was easier and convenient. 
The techniques and materials presented in this work are promising for application to wastewater and oil spill treatment. 


1. INTRODUCTION 


With the development of industry, humans confront increasing 
issues about crude oil leakage accidents, industrial sewage 
discharge, and oily water.'° According to statistics, millions of 
tons of crude oil and refined oil leak into the sea every year,’ 
which has caused severe damage to the marine ecosystem. 
Furthermore, the oil also causes serious harm to human health 
through the food chain, indirectly.’ Hence, effective treat- 
ment of oily water has become a hotspot in the research field of 
environmental protection.*” 

Traditionally, oily water treatment techniques include dis- 
solved air flotation, centrifugation methods, absorbents, chemical 
dispersants, adsorption bioremediation, gravity separation, 
solidifiers, in situ burning, and so forth.'°~'> These techniques 
still show some limitations in practical application, such as low 
efficiency, being time-consuming, allowing for recontamination, 
and having high operation costs.’ Therefore, researchers have 
paid more attention to the development of superhydrophobic 
materials for the treatment of oily water due to their highly 
efficient and environmental benefits. 

Recently, materials with superhydrophobicity and super- 
oleophilicity®'®'” have been investigated for highly effective 
oil/water separation, including textiles, metal foam,” graphene 
sponges,” polymer and carbon nanotube sponges,’ polyurethane 


sponges,’ cellulose sponges,” silicone sponges,’ and a range 
of 3D porous materials.“ °° However, previous literature mainly 
concentrated on the oil absorption capacity and disregarded 
the complex preparation procedure and the inconvenience in 
application. For example, the synthesis process was time- 
consuming, and the oil recovery processes often needed dreary 
mechanical squeezing or distillation, which caused recontamina- 
tion and high cost.°*' For example, various coated meshes of the 
biomimetic materials were reported by a number of scientists. 
Grynyov et al. fabricated omniphobic metallic surfaces by 
immersing the mesh in a 97% perfluorononanoic acid solution. 
The omniphobic stainless steel surfaces were covered by the 
hierarchical micro- and submicro-scaled relief and showed 
excellent water and oil repellence.*” Darmanin et al. fabricated 
superoleophobic surfaces on the stainless steel mesh by electro- 
deposition of conducting polymer containing short perfluor- 
obutyl chains. The best oleophobicity (O,:nqower Oil = 150° and 
Ohexadecane = 136°) property was obtained.’ These materials 
exhibit high performance for separation of oil/water. 
Bormashenko et al. fabricated microscaled porous metallic 
polymer meshes with the breath-figures self-assembly and 
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designed a novel device to collect and recycle oil without any 
mechanical squeezing.” 

In this paper, stainless steel meshes with superhydrophobic 
and superoleophilic surfaces were synthesized only by immers- 
ing into an ethanol solution including HCl and stearic acid. This 
preparation process is convenient, fast, low-cost, and green, and 
the obtained materials have promising application for oily water 
treatment. 


2. EXPERIMENTAL METHODS 


2.1. Materials. Reagents were purchased from Aladdin 
Reagent. The (304) stainless steel mesh samples with an aver- 
age pore diameter of approximately 100 ym were used as sub- 
strates. 

2.2. Sample Preparation. The detailed fabrication process 
can be described as follows. The stainless steel mesh substrates 


Oil/water mixture 


Seemann: 


Figure 1. Schematic of the fabrication process of superhydrophobic 
stainless steel mesh and application to oil/water separation. 


were cleaned by water and then successively ultrasonically 
washed in a hydrochloric acid (2 mol/L) solution (10 min), 
acetone (5 min), ethanol (2 min), and deionized (DI) water in 
order to remove oxidizing material, organic compounds, oil, 
and other remnant dirt. Finally, the mesh was immersed into 
ethanol solution containing HCl with the concentration varying 
from 1 to 8 mol/L and stearic acid CH;(CH,),,<COOH with 
the concentration varying from 0.01 to 0.08 mol/L, for different 
times and temperatures. Figure 1 shows the fabrication process 
of superhydrophobic stainless steel mesh and the sketch of oil/ 
water separation. 

2.3. Sample Characterization. FE-SEM (FEI Quanta 250 
FEG, U.S.A.) was used to characterize the surface topographies 
of samples. A viewgraph model with an oblique angle of 45° 
was used for all measurements. The chemical compositions of 
the mesh surfaces were examined by Fourier transform infrared 
spectroscopy (FTIR), and X-ray photoelectron spectroscopy 
(XPS). The samples with hydrophobicity and lipophilicity 
were measured by a video contact angle measurement system 
(OCA20, Germany) with a water droplet (5.0 uL) and oil 
droplet (5.0 uL), respectively. The apparent contact angle of 
every mesh sample was measured at least five times, and the 
obtained average value was used for subsequent data analysis. 


3. RESULTS AND DISCUSSION 


3.1. Surface Morphology. Figure 2 shows the SEM images 
of the original stainless steel mesh surface and stainless steel 
mesh treated with immersion in an ethanol solution with 
4 mol/L HCl and 0.06 mol/L stearic acid, at 80 °C for 60 min. 
For the original stainless steel meshes, the surface was very 
smooth and clear, as shown in Figure 2a. Figure 2b—d shows 
the surface structures of stainless steel meshes with different 
magnifications after immersion. It can be seen that the stainless 


Figure 2. SEM images of the original stainless steel mesh (a) and the obtained mesh with different magnifications (b—d). Scale bars: (a,b) 100, 


(c) 10, and (d) 1 pm. 


steel mesh surface had uniform nanostructures, as shown in 
Figure 2b,c. In the image with greater magnification (Figure 2d), 
it seems that the surface was covered by some thin films. The 
stainless steel samples were etched by chlorine ions and were 
chemically modified with stearic acid simultaneously, so as to 
produce the film-covered nanostructure.** 

In order to confirm the composition of the films, FTIR and 
XPS were conducted. Figure 3 shows the comparison of FTIR 
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Figure 3. FTIR spectra of stearic acid powder (curve a) and thin films 
on the mesh surface (curve b). 


spectra between stearic acid and the film on mesh. Curve a in 
Figure 3 shows FTIR spectra of stearic acid. The adsorp- 
tion peaks at about 2919 and 2848 cm! in the high-frequency 
region are attributed to -CH,— band asymmetric and symme- 
tric stretching vibrations, respectively.*°*’ In the low-frequency 


stearic acid. In comparison, from curve b in Figure 3, it can 
be found that a new adsorption peak appears at 1586.43 cm! 
in the spectrum of the films, while the free -COOH band of 
stearic acid at 1701 cm™' disappears. The new adsorption peak 
may be attributed to asymmetric and symmetric stretches of the 
—COO- group. The above analyses show that the stainless 
steel mesh reacted with stearic acid to form ferric stearate. 

XPS was conducted to further confirm the chemical state 
of the film on the mesh surface. As shown in Figure 4a, the 
compositions of the mesh film included Fe, C, and O. Figure 4b 
shows the XPS spectra of Fe 2p. The peaks at binding energies 
(BE) of 724.6 and 710.8 eV are attributed to the Fe 2p,,. and 
Fe 2p3/. of iron compounds, respectively. In Figure 4c, the 
sharp C 1s peak displays a symmetric spectrum with a weaker 
intensity shoulder in the higher BE region. The peak at 284.7 eV 
is attributed to alkyl chain carbon (C—C), and the peak at 
288.6 eV is assigned to the carboxyl group (COOH). Figure 4d 
shows the BE of a single and symmetric O 1s peak at 532.3 eV, 
revealing the presence of two comparable symmetric O atoms 
in the carboxylate (COO—) group that originated from charge 
scattering of the carboxylate anion.’ The above analyses 
indicate that the immersion process generated ferric stearate 
on the mesh surface. 

The formation mechanism of film-covered nanostructures 
could be expressed as the following reactions: 


Fe + 2HCl —> FeCl, + H, (1) 


Fe’* + 2CH,(CH,),,COO > Fe[CH,(CH,),,COO], 
(2) 
3.2. Influence Factors of Super-Hydrophobicity. The 
effects of concentration, time, and temperature on super- 
hydrophobicity were studied. Figure 5a shows the effect of the 
stearic acid solution on the apparent contact angle. When the 
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Figure 4. XPS spectra of films on stainless steel mesh after immersion. Survey scan spectra (a) and high-resolution XPS spectra of Fe 2p 


(b), C 1s (c), and O 1s (d). 
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Figure 5. Apparent contact angle variation with the change of stearic acid solution concentration (a), HCl solution concentration (b), time (c), and 
temperature (d). The variation of the apparent contact angle, advancing contact angle, and receding contact angle for different droplet volumes (e). 


The mesh sliding angle depending on the droplet volume (f). 


HCI concentration was kept at 4 mol/L, the apparent contact 
angles increased from 143 + 1.0 to 160 + 1.0° with increas- 
ing concentrations of stearic acid in the range from 0.01 to 
0.06 mol/L. However, the apparent contact angles began 
to decrease when the stearic acid concentrations continued to 
increase, at 80 °C for 60 min. 

Figure Sb shows the effect of HCI solution on the apparent 
contact angles. When the stearic acid concentration was kept 
to 0.06 mol/L, the apparent contact angles increased from 
145 + 1.0 to 160 + 1.0° with increasing concentrations of HCl 
in the range from 1 to 4 mol/L. However, the apparent contact 
angles began to decrease to 149 + 1.0° when the HCl con- 
centrations continued to increase, at 80 °C for 60 min. 

Figure Sc shows the influence of immersion time on the 
apparent contact angle when the conditions were kept at 
0.06 mol/L stearic acid, 4 mol/L HCl, and 80 °C. It can be 
seen that when the time was prolonged from 20 to 60 min, the 
apparent contact angles increased from 145 + 0.7 to 160 + 1.0°. 
As time continued to increase from 60 to 160 min, the apparent 
contact angles decreased. 


The immersion temperature exhibited an important influence 
on the apparent contact angle, as shown in Figure Sd. With 
0.06 mol/L stearic acid, 4 mol/L HCl, and an immersion time 
of 60 min, the apparent contact angle increased from 152 + 1.0 
to 160 + 1.0° with the temperature increasing from 20 to 
80 °C. Then contact angle decreased to 150 + 0.8° when the 
temperature reached 100 °C. 

The above results indicate that the proper stearic acid 
and HCl concentrations, temperature, and immersion time 
could result in excellent superhydrophobicity for mesh. With 
0.06 mol/L stearic acid, 4 mol/L HCl, a temperature of 80 °C, 
and an immersion time of 60 min, the obtained mesh exhibited 
uniform nanostructures and an apparent contact angle of 
160 + 1.0°. Excessive stearic acid led to the decrease of the 
apparent contact angle because excessive ferric stearate would 
cover the nanostructures. Excessive HCl and immersion time 
and high temperature would result in excessive corrosion of the 
metal mesh and damage the nanostructures. 

The relationship between the droplet volume and wetting 
ability for the mesh surfaces was investigated, as shown in 


Figure Se. Droplets with volumes of 2, $, 8, and 10 wL were 
used. The notion of contact angle hysteresis was equal to the 
difference value between advancing and receding contact 
angles. It was found that the contact angle hysteresis of the dro- 
plet was in the range of 2.6—6.0°, as shown in Figure Se. With 
the increase of droplet volume, the droplet shape became oblate 
due to gravity. Therefore, the apparent contact angle increased 
and the sliding angle decreased with the increase of droplet 
volume (Figure Se,f). 

3.3. Dynamic Wetting Behavior of the Oil and Water. 
Figure 6a shows the contact deformation and departure process 


Figure 6. Dynamic contact and departure process for the water droplet 
(S uL) (a). The arrows show the moving direction of the water 
droplet. Photographs of dynamic measurements of oil wettability for 
the obtained mesh (b). The sliding process for the water droplet 
(S uL) on the obtained mesh (c—e). Image of dyed oil and dyed water 
(f). Many ball-like water droplets were uniformly distributed on the 
obtained mesh (g). Scale bars: (a—e) 2, (f) 25, and (g) 5 mm. 


of the water droplet (5 uL) on the superhydrophobic surface. 
It suggests that the obtained mesh shows excellent super- 
hydrophobicity and low adhesion properties. In Figure 6a, it is 
clearly observed that the water droplet can completely detach 
from the stainless steel mesh and nonwet the mesh surface even 
after press and deformation. 

The wettability of the oil permeation on the obtained mesh 
surface was investigated by the apparent contact angle measure- 
ment, as shown in Figure 6b. A peanut oil droplet (5 uL) was 
used to evaluate the oil wettability, and the apparent contact 
angle quickly became zero in 3 s after the peanut oil contacted 
the surface. However, the water droplet (5 uL) easily rolled 
after 120 ms, as shown in Figure 6c. It indicates that the mesh 
surface exhibited low water adhesion and high oil adhesion. 


The digital images (Figure 6f,) show the states of water 
droplets (colored by methyl blue) and peanut oil (colored by 
Sudan red) on the mesh. 

Many blue ball-like water droplets were distributed on the 
stainless steel mesh surface, indicating the uniform property of 
the stainless steel mesh surface. In contrast, peanut oil imme- 
diately penetrated into the mesh. It indicated that the obtained 
mesh had prominent superhydrophobicity and superoleophi- 
licity. 

3.4. Stability of the Obtained Mesh and Its Applica- 
tion for Oil/Water Separation. The mesh with pore sizes of 
100 um exhibited the best superhydrophobicity, as shown in 
Figure 7a. When the mesh pore size was below 100 ym, the 
apparent contact angle decreased due to the decreased air— 
water interface. However, when the mesh pore size was higher 
than 100 ym, the mesh pore size was too large to store the air 
in the structure, so the surface tension could hold the water 
droplet. As the mesh pore size continued to increase, the 
superhydrophobic performance of the mesh decreased. There- 
fore, the ideal pore size for the mesh is 100 um. The obtained 
mesh with a 100 wm pore size was folded into a small box 
(4 x 3 X 1 cm’), as shown in Figure 7b. The small box could 
freely float on the water because of its superhydrophobicity. 
The oil rapidly permeated into the box while water was 
completely rejected. 

The stability of the superhydrophobic mesh surface was 
evaluated via testing the apparent contact angle before and 
after ultrasonic oscillation. The apparent contact angle of the 
obtained mesh for the water droplet (S uL) was 160 + 1.0° 
before ultrasonic oscillation and was 158 + 1.3° after ultrasonic 
oscillation, as shown in Figure 7c,d. The change of apparent 
contact angles was nearly negligible. The obtained mesh was 
exposed to the atmosphere for 60 days, and the mesh surface 
with superhydrophobicity was stable, as shown in Figure 7e. 
Further, the mesh was immersed in a 3.5 wt % NaCl aqueous 
solution for 12 days. It was found that the apparent contact 
angle of the obtained mesh for the water droplet (5 uL) was 
kept almost stable, as shown in Figure 7f. 

On the basis of the obtained mesh, a miniature apparatus was 
designed for oil/water separation, as shown in Figure 8. When 
turning on the self-priming pump, it can be seen that only pure 
oil (peanut oil, diesel oil, and gasoline) penetrated the mesh 
and dropped into the container, while water successfully passed 
through the mesh. Obviously, it can continuously collect pure 
oil from the oil/water mixture. 


4. CONCLUSIONS 


Stainless steel mesh surfaces with uniform nanostructures and 
extremely low surface energy were fabricated via immersion in 
the solution containing HCl and stearic acid. They showed 
superhydrophobic and superoleophilic properties. Under 
optimum conditions, the obtained mesh exhibited an apparent 
contact angle of 160 + 1.0° for the water droplet and 0° for 
the oil droplet. The superhydrophobic samples were stable by 
ultrasonic oscillation, exposure tests in the atmosphere, and 
immersion corrosion tests in a 3.5 wt % NaCl aqueous solution. 
On the basis of the obtained mesh, a miniature oil/water separa- 
tion device was designed, which could be simply and effectively 
used for the separation of an oil/water mixture. The method in 
this study is suitable for larger-scale fabrication and has potential 
applications in oil/water separation. 
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Figure 7. Effect of pore size on the apparent contact angle (a). Collection process of peanut oil on the water surface by the mesh box (b). Apparent 
contact angle before ultrasound oscillation (c) and after ultrasound oscillation (d) in water. Apparent contact angle for the mesh exposure to air at 
room temperature (e). Apparent contact angle for mesh after corrosion in a 3.5 wt % NaCl aqueous solution (f). Scale bars: (b) 40 and (c,d) 2 mm. 


Figure 8. Photograph of the experimental apparatus continuously 
collecting pure oil from the oil/water mixture and schematic diagram 
of the oil/water separation apparatus. 
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